A novel technique for calibration transfer called the Modified Four Point Interpolant (MFPI) method is introduced for near infrared spectra. The method is founded on physical intuition and utilizes a series of quasiconformal maps in the frequency domain to transfer spectra from a slave instrument to a master instrument's approximated space. Comparisons between direct standardization (DS), piecewise direct standardization (PDS), and MFPI for two publicly available datasets are detailed herein. The results suggest that MFPI can outperform DS and PDS with respect to root mean squared errors of transfer and prediction. Combinations of MFPI with DS/PDS are also shown to reduce predictive errors after transfer.
Introduction
Many calibration models rely on trends of small variations in response for efficacy. Although these responses are correlated to chemical features, they are not pure representations of the feature itself. When a feature of an analyte is detected from different instruments the shape, magnitude, and location of the responses are not identical. In most circumstances, two different instruments cannot use the same model and obtain commensurate results.
This problem is known as calibration transfer.
The goal of calibration transfer is to transfer data obtained from a secondary or slave instrument to a space defined by a primary or master instrument. This allows for the same calibration model to be applied, ideally, without change or loss of quality to any secondary instrument. The difficulty lies within accounting for each instrument's unique contributions to random and systematic error.
It is believed that the instrumental deviations for near infrared (NIR) spectroscopy, the primary focus of this work, originate from artifacts incurred by stray light. Stray light is thought to introduce a multiplicative effect which causes linear deviations in baselines.
The method of direct standardization (DS) was developed to correct these kinds of linear responses. DS constructs a full rank standardization matrix by multiplication of the inverse slave calibration spectra with the master spectra in the PCA column space defined by the master's set [1] . This matrix allows for any similar spectra collected by a slave instrument to be transformed into the master instrument's approximate space as follows: PCA transformation to masters space, multiplication with standardization matrix, and deprojecting back into instrument space.
It was found that the construction of the standardization matrix by concatenation of piecewise spectral DS matrices often afforded a better estimate of the masters' space. This method is referred to as PDS. It is widely considered the most universal transformation technique because it accounts for the inhomogeniety of the deviations across wavelength regions. Wang et. al, displayed compelling empirical results which showed that the effect of stray light is structured. The results suggested that calibration transfer models can benefit from mean centering and an additive mean correction term [2] . Such a modification is applicable to both DS and PDS methods.
The most widely used transformation techniques to transfer calibration models are DS and PDS despite many other efforts and suggestions. Although these methods are physically grounded and mathematically well reasoned, they still lack the ability to overcome instrumental deviations which are more ill-posed. Some measured artifacts which are nonlinear with respect to wavelength vs absorption could originate from the following: optical losses incurred by path elements, alignment errors, and different detection schemes. The merit of the work depicted herein is an alternative transformation approach to calibration transfer which attempts to account for these discrepancies and is based on physical reasoning.
Theory
The frequency domain provides fertile ground for transferring instrumental response. High frequency noise and low frequency backgrounds are well resolved from the perspective of interferograms. A frequency coefficient can be seen as a point in 3 space; the frequency itself is real and the coefficient lays in the Argand plane. In the case of Fourier Transform NIR instruments, each bin represents a difference in optical path-length and the respective modulus is directly proportional to the convolution of detected photon amplitudes or energy.
For dispersive instruments, such a statement is not true but a similar more abstract analogy holds.
Progress in elementary optics has shown that transfer or scattering matrices can be developed that accurately model the effects of various materials onto a given field or amplitude spectrum of light. These effects may be changes in optical phase, amplitude, or polarization. Möbius transformations, also referred to as Linear Fractional Transforms (LFT), allow the construction of these matrices and their manipulations to be convenient and stable [3] . These matrices allow for the interconversion of responses from one optical path to another.
Unfortunately, the differences between two instruments cannot be readily regressed to a single scattering matrix. Such an effort would require commercial NIR instruments to feature variable incident angles, polarization control, known calibration parameters of detectors, etc. These interrogations are required because currently the only means to measure light is through spatial considerations of intensity measures. Overall a loss of generality and practicality is inevitable by pursuing a completely physical solution to the calibration transfer problem.
Instead, an interpolated transformation scheme which abides by the geometry of the aforementioned physical reasoning may be applied. Transforms and interpolants should conform to the cylindrical nature of interoferogram space. In the frequency domain, instrumental deviations may be represented by subtends in the complex plane, and their associated magnitudes at discretized bins.
One such transformation technique was introduced by Lipman, et al. for purposes of user-friendly computer graphic manipulations [4] . In its original form, the Four Point 
Data
In all cases presented, no samples were considered outliers, the entire spectral range was utilized, pre-processing and post-processing were not performed. 
Results
DS, PDS, and MFPI were all applied to the validation and test set of the pharmaceutical data. The MFPI algorithm rejected one sample from the set as it did not contribute to a lower error. The PDS window size was empirically set to 300 bins. The window size was found by incrementing from 3-310 bins and keeping the size which resulted in the lowest error. The subtraction of the transformed slave spectra from their respective sample body offered a visual means to assess the efficacy of the algorithms (Figure 2 ).
It was perceived that DS had the worst performance of the three methods employed.
While PDS and DS appeared commensurate for the validation and test sets. A figure of merit, mean root mean square error of transfer (MRMSET), was utilized to gain empirical insight into the similarity of the transformed slave spectra and that of the unaltered master spectra.
We define the mean root mean square error of transfer as,
Where M denotes the master instruments spectra, T denotes the transformed spectra, N is the number of samples, and M is the number of wavelengths.
The MRMSET figure of merit demonstrated that the MFPI and PDS algorithms offered calibration transfers which were most similar to their master spectra (Table I ). It was found that MFPI had the lowest MRMSET across the entire spectral region for the validation set. PDS was 9.7% and 3.6% different from MFPI for the transfer of instrument 1 to 2 and 2 to 1, respectively. For the test set however, PDS (1.15, 1.16) featured lower MRMSETs than MFPI (1.19, 1.26). When MFPI used every other sample (N = 40) in the calibration set to build its interpolating schema, the MRMSET for validation and test sets were reduced (Supplementary Table 1 ). Methodological differences were assessed via Bland-Altman analysis. Bland-Altman analysis of the average transformed spectra vs the average master spectra revealed differences in bias and precision between the techniques (Figure 3) . In all cases the method with the least bias was DS. For both the validation and test sets PDS afforded positive biases while MFPIs varied by transfer. In order of increasing span of their limits of agreement or decreasing precision the methods were ranked as follows: PDS, DS, MFPI.
The lack of precision in the MFPI method was hypothesized to be a direct result of noise.
High frequency features were commonly observed in the MFPI transformed spectra (Supplementary Figure 1 ). This was believed to be an artifact of interpolating in the frequency domain. The transferred spectra were utilized to determine if the noise from MFPI effected the performance of principal component regression (PCR) models on the three available property values (Table II) . Leave-one-out cross-validation was used for reproducability. The transfers of spectra from instrument 2 to instrument 1 and instrument 1 to instrument 2 were both considered. The number of principal components employed for the calibration models were the number where the minima in root mean squared error of prediction (RMSEP) was observed.
We define the root mean square error of prediction as,
Where Y n denotes the reference property value,Ŷ n denotes the predicted property value, and N is the total number of observations. Stronger and more deleterious contributions from interpolation where observed in PCR models constructed from the Cargill-Corn data. Crudely optimized, manual frequency bin selection was applied to all of the MFPI transfers in a uniform manner to dampen these artifacts. Combinations of the MFPI, PDS, and DS techniques were also assessed. The Kennard-Stone algorithm was utilized on half of the available samples (N=40) to create a calibration set. The remaining samples were all considered a test set. The RMSEPs obtained for predicting on the uncalibrated samples for every instrument combination are provided below (Table III) and in the supplementary information. This test demonstrated that the MFPI algorithm was amenable to subsampling; this is an important feature for any calibration transfer algorithm. In practice it is highly preferable to utilize fewer standard samples on slave instruments to facilitate transfers of the same or higher quality. This attribute is known as subsampling and has been well established for the DS and PDS methods.
However, the RMSEPs for most of the PCR models increased when only every other sample was utilized (Supplementary Table I ). This result suggested that the MFPI algorithm was overfit by complete access to the calibration set, but the improvements in spectral similarities were not necessarily occurring at the regions of interest for the PCR models. Table II ). This observation provided evidence which suggested that the perceived noise from the interpolation in the frequency domain did not substantially hinder the efficacy of the technique. However, post-processing could very well improve these results.
Each of the three methods had several instances where their PCR RMSEPs were greater then the raw spectra of the slave instrument. Such an event was considered by the authors to be a failed transfer. PDS exhibited 5 instances of such transfers; DS possessed 2, and MFPI had 3.
From this study, it would be unfair to consider a method which featured a larger predictive error than its respective slave spectra ineffective as a whole. The lack of preprocessing, simple leave-one-out cross-validation, and facile models utilized herein were intentionally designed as to not favor any of the calibration transfer techniques. However, RMSEPs where the slave instrument spectra performed better then transferred spectra are contradictory to the goals of calibration transfer.
The methods were also tested on the Cargill-Corn data because it had different spectral features and fewer samples than the pharmaceutical data. When all of the frequency bins were interpolated by MFPI, the calibration models suffered largely from high frequency artifacts. Frequency bin selection was thus performed to attempt the removal of frequency ranges which inhibited model development while still allowing interpolation of bins which were beneficial. The optimal means to approach the problem of bin selection is an area of active research.
The selection of samples to construct the calibration sets resulted in a potential conflict of scientific honesty. Sample subsets which were optimized for the MFPI method often resulted in sub-par transfers for either of the direct standardization methods. Similarly, the employment of individual sample subsets for each method would introduce a more open interpretation of results due to sample selection efficacy. The pursuit of fair treatment for all of the methods was facilitated via the uniform employment of a euclidean distance Kennard-Stone design. It must be stated, there was no evidence which suggested that a Kennard-Stone design would be ideal for the MFPI method as it often is for DS methods.
There were 24 possible calibration models (6 instrument transfers, 4 property values)
which could be built from the Cargill-Corn data. Of the possible transfer scenarios, 13 which utilized MFPI (5 -MFPI, 8 -MFPI-DS) resulted in the lowest RMSEPs. Although there was only a two sample advantage between the standard techniques and those which used MFPI, MFPI was beneficial for certain transfers. In some cases there were large differences in performance between competing methods. For example, the RMSEPs obtained from both the moisture and starch properties after the MFPI transfers (MP6 and MP5 to instrument M5) were found to be an order of magnitude lower than PDS/DS.
In several transfers, the coupling of direct standardization techniques to MFPI resulted in the lowest RMSEP. In 3 transfers, the lowest RMSEPs obtained by coupled techniques were less than 5% different from the native method. However, there were more cases where the coupled techniques performed the best and were greater than 5% different. For example, all three of the values for which DS-MFPI transferred the starch property with the least error were greater than 25% different from the DS method alone.
The utility of MFPI alone or in conjunction with DS or PDS can be seen as beneficial.
Whether or not the method can account for instrumental deviations which DS/PDS cannot requires further testing on controlled data sets. Like any other technique in chemometrics, the employment of MFPI appears to be context dependent. For example, MFPI and MFPI-DS tended to out perform the other techniques for the starch property, but for the protein property, direct standardization was more often better suited.
Future Work
The novelty of the MFPI approach leaves many areas of research open for future investiga-
tions. An investigation of what type of samples, or design of experiment, should be utilized in order to obtain the best calibration transfer is pertinent. The MFPI method described in this work utilized four frequency bins which were the most similar across spectra while offering the lowest RMSE of the transformed interoferograms. It is hypothesized that the incorporation of sample replicates to capture intersample variabilities would be beneficial in obtaining more precise transfers. A four point window of replicate measurand and instrumental variance between two similar samples could weight modeling power in a way that it more effectively approximates transfer.
We hope to assess the possibility of an analyte independent calibration transfer using a methodology similar to the MFPI. The overall instrumental variations in measuring common superpositions of radiation may be accounted for with a similar approach. Such an effort would allow for many models to be shared from only one calibration set. Data collection for both of these hypothesis have already begun in our laboratory 7 Conclusion 
